Transgenic tobacco expression was analysed of chimeric genes with point mutations in the heat shock element (HSE) arrays of a small heat shock protein (sHSP) gene from sunflower: Ha hsp17.7 G4. The promoter was developmentally regulated during zygotic embryogenesis and responded to heat stress in vegetative tissues. Mutations in the HSE affected nucleotides crucial for human heat shock transcription factor 1 (HSF1) binding. They abolished the heat shock response of Ha hsp17.7 G4 and produced expression changes that demonstrated dual regulation of this promoter during embryogenesis. Thus, whereas activation of the chimeric genes during early maturation stages did not require intact HSE, expression at later desiccation stages was reduced by mutations in both the proximal (-57 to -89) and distal (-99 to -121) HSE. In contrast, two point mutations in the proximal HSE that did not severely affect gene expression during zygotic embryogenesis, eliminated the heat shock response of the same chimeric gene in vegetative organs. Therefore, by site-directed mutagenesis, it was possible to separate the heat shock response of Ha hsp17.7 G4 from its developmental regulation. The results indicate the co-existence, in a single promoter, of HSF-dependent and -independent regulation mechanisms that would control sHSP gene expression at different stages during plant embryogenesis.
Introduction
Heat shock (HS) genes, including those encoding small heat shock proteins (sHSP), are expressed not only in response to heat stress, but also during developmental processes in the absence of significant temperature changes. This is well known and has been better studied in animal model systems, where some of the developmentally regulated HS genes have been identified and their transcriptional regulation analysed. The developmental regulation of HS genes depends in some cases (for example Theodorakis et al., 1989) on the same cis-acting elements as those involved in the heat shock response (HSE; reviewed by Fernandes et al., 1994a) , although a functional specialization of different trans-acting factors (HSF; reviewed by Wu, 1995) that bind HSE has been described, some mammalian HSF (i.e. HSF1) being primarily involved in the heat shock response, and others (i.e. HSF2) in developmental regulation (reviewed by Morimoto et al., 1994) . In other cases, the developmental regulation of HS genes relies on distinct control elements such as steroid receptors and their DNA recognition sequences (Luo et al., 1991) . Similar studies in plant systems are more limited and incomplete. Work from our laboratory and other groups has established the developmental regulation of sHSP genes during plant embryogenesis (Almoguera and Jordano, 1992; Coca et al., 1994; DeRocher and Vierling, 1994; Gyö rgyey et al., 1991; Zur Nieden et al., 1995) and male gametogenesis (reviewed by Mascarenhas and Crone, 1996) . A crucial observation in plant systems is that not all sHSP genes that respond to heat stress are developmentally regulated. This has been observed in systematic analyses performed in Arabidopsis (Wehmeyer et al., 1996) and sunflower (Coca et al., 1996) . Developmental regulation of plant sHSP genes would therefore be conferred by specific spatial arrangements, so far unknown, of cis-elements and trans-acting factors. These arrangements should differ, at least to some extent, from those involved in transcriptional activation in response to heat stress, because in plants, as in other eukaryotes, heat-induced activation is dependent on HSF that interact with structurally and positionally conserved arrangements of HSE in the promoters (Fernandes et al., 1994a; Gurley and Key, 1991) .
To understand the developmental regulation of plant sHSP genes, the promoters and regulatory elements involved should be cloned and analysed. To date, only two plant sHS promoters and 5Ј-flanking sequences have been reported to confer to chimeric genes developmental regulation during zygotic embryogenesis: those from Gm hsp 17.3B (Prä ndl and Schö ffl, 1996; Prä ndl et al., 1995) and Ha hsp17.7 G4 (Coca et al., 1996) . In both cases deletion analyses did not separate heat shock response from developmental regulation. For example, the developmental regulation of Ha hsp17.7 G4 during zygotic embryogenesis, as well as its organ-and tissue-specific heat shock induced expression, could be faithfully reproduced in transgenic tobacco (Coca et al., 1996) . Deletion analysis in this system established that promoter sequences downstream of -83, containing most of the proximal HSE array, were sufficient to confer normal heat-induced expression to chimeric genes, as well as their developmental expression during zygotic embryogenesis. On the basis of these and similar results, the possible involvement of HSE/HSF in the developmental regulation of plant sHSP gene promoters in seeds has been proposed (Coca et al., 1996; Prä ndl and Schö ffl, 1996; Prä ndl et al., 1995) . There are also indications that plant sHS promoters might be regulated during zygotic embryogenesis by pathways that are not necessarily dependent on HSE/HSF. This is inferred from the effect of abi3 mutations on sHSP accumulation in Arabidopsis (Wehmeyer et al., 1996) and from the effect of 5Ј-deletions on the developmental regulation, but not on the heat shock response, of a sunflower sHS promoter (Coca et al., 1996) .
The experimental observations reported here demonstrate the functional involvement of HSE in the developmental activation of Ha hsp17.7 G4 in seeds. We show that different control mechanisms, one of them not dependent on HSE, regulate the developmental expression of the same sHS promoter. The HSE would have a functional role only during seed desiccation, but not at earlier stages of embryogenesis. We speculate on the HSE-independent mechanisms that could activate the Ha hsp17.7 G4 promoter during early maturation and we suggest possible differences between the HSE-dependent regulation pathways that operate during late zygotic embryogenesis and in the heat shock response.
Results
Mutations in the GAA core repeats of heat shock elements in Ha hsp17.7 G4
In a previous work, we described the nucleotide sequence, location and characteristics of the HSE arrangements in the sunflower sHSP gene Ha hsp17.7 G4 (Coca et al., 1996) . These arrangements comprise two clusters of alternately orientated 5Ј-nGAAn-3Ј/5Ј-nTTCn-3Ј pentanucleotide core repeats that are located proximal (-57 to -89) and distal (-99 to -121) from the transcription start site (see I and II in Figure 1 ). Based in mutagenesis analyses of HSE regions in other sHSP genes, including a functional analysis of plant mutant HSE (Dulce Barros et al., 1992) , we produced different mutant versions of the HSE arrays in Ha hsp17.7 G4. These mutant HSE have single nucleotide substitutions at positions, within the GAA/TTC repeats, predicted to greatly decrease HSF binding and to impair HSE function (Dulce Barros et al., 1992; Fernandes et al., 1994b) . By performing the site-directed mutagenesis approach described in the Experimental procedures, we sequentially substituted all Gs and Cs in the GAA and TTC perfect core repeats of HSE arrays I and II (Figure 1 , mutants A, B, D and E). In the context of heat shock promoters, just one of these nucleotide substitutions could be sufficient to abolish the heat shock response (Dulce Barros et al., 1992) . We also performed similar additional substitutions in the imperfect core repeats of HSE array I (Figure 1, mutant C) .
Before introducing the mutations in chimeric genes, we verified their effect on HSF binding by electrophoretic mobility shift assays, using human heat shock factor 1 (hHSF1) expressed in Escherichia coli, and either wild-type (WT) or mutant, radiolabelled DNA fragments (see the Experimental procedures for a description of these fragments). The characteristics of eukaryotic HSF allowed us to perform such analysis using heterologous proteins expressed in bacteria, since the DNA binding of the different HSF is evolutionarily conserved (Wu, 1995) , and E. coliexpressed HSF have been shown to bind HSE in vitro (Rabindran et al., 1991) . The mutations in the tested DNA fragments affected the in vitro binding of hHSF1 (Figure 2 ). The two nucleotide substitutions in mutant A already had an apparent effect on binding. Additional substitutions in the other fragments further reduced the amount of discrete DNA-protein complexes (Figure 2 , upper arrow), and resulted in formation of complexes of higher mobility (Figure 2 , lower arrow). Mutant E abolished detectable binding. The importance of region I was demonstrated by the reduction in binding seen with mutants A and B, and the contribution of region II was implied by a comparison of binding of mutant A with D, and mutant B with E. The specificity of these complexes was verified by competition experiments with synthetic HSE oligonucleotides and different unlabelled DNA fragments (data not shown; see the Experimental procedures). Thus, the mobility shift assays in Figure 2 demonstrated binding of hHSF1 to the HSE I and II, in a manner predicted from previous mutational analyses of HSE in other genes (Dulce Barros et al., 1992; Fernandes et al., 1994b) .
Expression patterns of the mutant chimeric genes during zygotic embryogenesis in transgenic tobacco
For a functional analysis in transgenic plants of nucleotide substitutions in the HSE of Ha hsp17.7 G4, we selected the A, C and E mutants (Figure 2 ). In the context of the -1132::GUS chimeric gene (Coca et al., 1996) , we replaced the WT HSE sequences with those of the selected mutants. Thus, three new chimeric genes were assembled for studies in transgenic plants (Figure 1 , bottom; see the Experimental procedures for technical detail). The inefficiency of sunflower regeneration does not make it possible, using published technology, to carry out the analysis of chimeric gene expression in homologous transgenic plants. However, both the control of the heat shock response of plant genes (reviewed by Gurley and Key, 1991) and their developmental regulation during embryogenesis (reviewed by Thomas, 1993) are highly conserved, and we Figure 1 . The nucleotide sequence of the region containing the HSE arrays I and II, in the wild type (WT) and mutant (mut A-E) Ha hsp17.7 G4 promoters. The GAA/TTC core consensus repeats in each array are indicated by boxes, on top of the sequence, with dots designing matches to the consensus. The different point mutations incorporated in each mutant sequence are indicated in lower case. DNA fragments containing the substitutions in the mutant Ha hsp17.7 G4 sequences A, C and E replaced the WT sequences to produce the mutant chimeric genes depicted in the bottom. These mutant genes derived from the previously described -1132::GUS gene (Coca et al., 1996) . This gene is also shown for comparison on top of the mutant chimeric genes (see the Experimental procedures for details). Arrows indicate transcription start from the Ha hsp17.7 G4 promoter. Thin boxes represent the location of HSE regions I and II, white dots within them represent (without exact correspondence) the nucleotide substitutions described, with detail in the sequence data for each mutant. showed that in these circumstances the expression patterns of Ha hsp17.7 G4, including tissue-specificity, could be reproduced in transgenic tobacco (Coca et al., 1996) . The mutant chimeric genes were transformed and analysed in this heterologous system, and their expression in transgenic plants was compared to that of WT chimeric gene -1132::GUS. Several (9-15) independent primary transformants (T0 plants) per chimeric gene were obtained and characterized for transgene integration and for expression during zygotic embryogenesis under controlled growth conditions. GUS expression was quantitatively analysed by fluorometric assays with whole seeds at different times of development in staged seed pods ( Figure 3 ). Untransformed plants and transgenic plants transformed with the pBI 101 vector were used as controls and did not show detectable levels of GUS activity at any stage (data not shown). This analysis was completed with histochemical studies of GUS expression in individually dissected embryos, endosperm and other tissues, from selected transgenic plants representing the mutant chimeric genes. We observed clear, and embryogenesis stage-dependent, Figure 1 . The WT expression patterns (not shown here) have been reported previously (Coca et al., 1996) and did not differ from those of mutant A.
effects of the analysed mutations on reporter gene expression (Figures 3 and 4) .
The two nucleotide substitutions in the mutant A chimeric gene ( Figure 1 ) had no obvious qualitative effect on GUS expression during zygotic embryogenesis, as the mutant gene maintained the reported cotyledon-specific expression patterns previously described for the WT gene (Figure 4a,b; Coca et al., 1996) . Compared to the WT, this mutant gene was expressed without quantitative alteration in early stages of seed maturation [16 days post-anthesis (d.p.a.): F ϭ 0.45, P ϭ 0.5; 20 d.p.a.: F ϭ 0.208, P ϭ 0.65]. A significant decrease of GUS activity (F ϭ 4.65, P ϭ 0.033) was observed only at later maturation stages (Figure 3) .
The effect of nucleotide substitutions in the HSE of Ha hsp17.7 G4 was more evident from the data of the mutant E chimeric gene. Expression patterns of this chimeric gene were indistinguishable from those of WT, including timing of activation, expression levels and tissue-specificity during early maturation stages (from 12 to 18 d.p.a.), but only marginal levels of GUS activity were detected in the cotyledon tips of embryos at later (28 d.p.a.) maturation stages. This is apparent from comparisons of the mean GUS activity values of mutant E and WT Figure 3 ; (at 16 or 28 d.p.a.; data not shown for 12 d.p.a.) and from a comparison of (a-e) with (b-f) in Figure 4 . Quantitative analysis of GUS activity in staged whole seeds demonstrated a significant reduction in the mutant E levels at 28 d.p.a., compared to both mutant A and mutant C (F ϭ 11.74, P ϭ 0.008) or to the WT values (F ϭ 42.51, P ϭ 0.0001). Thus, mutations in the HSE region reduced expression of the chimeric genes, but only during late embryogenesis. Nucleotide substitutions of mutant E in the distal HSE (Figure 1 ) further contributed to an additional reduction of GUS activity at this stage.
The expression patterns in developing seeds of the mutant C chimeric genes showed, late in maturation, an intermediate phenotype between the mutant A and mutant E chimeric genes. In addition, GUS activity in mutant C seeds at 20 d.p.a. was significantly lower than that of mutant A and WT (F ϭ 7.76, P ϭ 0.006), but it did not differ from the activity of mutant E (F ϭ 0.43, P ϭ 0.51; Figure 3 , 20 d.p.a.). A significant reduction of GUS activity was observed in mutant C seeds at 16 d.p.a. relative to that of WT, mutant A and mutant E seeds (F ϭ 10.52; P ϭ 0.001; Figure 5 . Heat shock-induced GUS activity in the stems of transgenic plants containing the WT or mutant chimeric genes. Heat stress treatments were performed with segregants from eight (mutant A and mutant E constructs) or two (WT construct) independent plants. The selected transgenic plants were descendants of primary transformants with chimeric gene integration mostly at single sites. Pairs of clonally propagated plants were used for control (C) and heat shock (HS) treatments performed with the whole plants (Coca et al., 1996) . GUS activities in stem extracts were measured in duplicate for three separate experiments. Average values of GUS activity and the corresponding standard errors are represented as described in the legend of 
Two nucleotide substitutions in the proximal HSE abolish heat shock response in vegetative tissues
Response to heat shock in vegetative tissues of the different WT and mutant chimeric genes was analysed in selected transgenic plants. These plants were descendants (T1) of primary transformants (T0), most of which showed transgene integration at single sites. Pairs of clonally propagated plants were used for control and heat shock treatments performed with whole plants (Coca et al., 1996) . The results of these experiments are summarized in Figures 5 and 6. Plants harbouring the -1132::GUS gene (WT) showed low levels of GUS activity in stems and leaves under control growth conditions ( Figure 5 and data not shown). Histochemical staining of control plants revealed only GUS expression in the apical cells of trichomes, as previously reported (Figure 6a ; Coca et al., 1996) . In agreement with this, all transgenic plants showed GUS activity in the apical cells of trichomes under either heat shock or control conditions ( Figure 6 ). This was an additional functional test for the presence and activity of the chimeric genes in the selected T1 plants. Heat shock treatments significantly induced GUS expression compared to control levels, but only in the stems of plants carrying the WT chimeric gene ( Figure 5 ; for WT, F ϭ 17.639, P ϭ 0.0001; data not shown for leaves). Histochemical determinations confirmed the previously reported organ (stem) and vascular (xylem and internal phloem) specificity of the heat shock-induced GUS expression (Figure 6b and data not shown; Coca et al., 1996) . Transgenic plants for the mutant A, mutant E or mutant C chimeric genes did not show a response to heat shock ( Figure 5 ; for mutant A, F ϭ 0.439, P ϭ 0.5094; for mutant E, F ϭ 0.021, P ϭ 0.8840; data not shown for mutant C). This demonstrated that the nucleotide substitutions in mutant A were sufficient to abolish the heat shock response of Ha hsp17.7 G4 in transgenic plants. This result differs from the minor effects of the same mutations that we observed on developmental regulation during embryogenesis (Figure 3 and Figure 4a ,b; see above).
Discussion

Role of HSE in the developmental regulation of Ha hsp17.7 G4 in seeds
We demonstrated that the activation of the Ha hsp17.7 G4 promoter during seed maturation in transgenic plants involves at least two distinct regulatory mechanisms: one that is dependent on HSE and presumably mediated by HSF, and the other that is not dependent on HSE and is therefore presumed to be regulated by developmentally specific trans-activator proteins yet unidentified. Early in seed maturation, the activity of chimeric genes and their tissue specificity was independent of mutations in the HSE that severely affect HSF binding in vitro [i.e. mutant E; see the experimental data in Figures 2, 3(16 d.p.a.) and 4(a,e) ]. This reveals that, at this stage, the transcriptional activation of the Ha hsp17.7 G4 promoter in the chimeric genes is independent of HSE. Such an activation mechanism would be similar to that found for the developmental regulation of some animal sHSP genes, for example in Drosophila, where the ecdysterone receptor and its DNA binding sites in the hsp23 and hsp27 promoters are crucial elements for their regulation during larval development. These elements are placed at different locations from the HSE and are supposed to operate independently of HSF-mediated activation (Luo et al., 1991) . In plants, our results suggest the existence of similar regulation mechanisms, which agrees with the indirect evidence of the effect of abi3 mutations on sHSP accumulation in Arabidopsis seeds (Wehmeyer et al., 1996) . These mutations impair ABI3, a seed-specific trans-acting factor involved in the developmental regulation of different plant promoters during seed maturation (reviewed in Giraudat et al., 1995; Parcy et al., 1995) . Thus, in the abi3-6 null-mutant background, HSP17.4 and HSP17.6, the two class I sHSP expressed in Arabidopsis seeds, were undetectable, whereas milder mutations, such as abi3-1, reduced the sHSP accumulations levels 10-fold. Because the same mutations did not affect heat shockinduced accumulation of the same proteins in vegetative tissues (Wehmeyer et al., 1996) , it is conceivable that ABI3 might regulate the At hsp17.4 and At hsp17.6 promoters by mechanisms distinct from those involved in heat response. However, more direct evidence for this hypothesis is lacking, as the effect of ABI3/abi3 on these promoters has not been yet studied. ABI3, or similar dicot trans-acting factors (Bobb et al., 1995) , might be involved in the regulation of the Ha hsp17.7 G4 promoter during seed maturation, as indicated by the presence of RY-like sequences in the -83::GUS chimeric gene that is still active in seeds (discussed by Coca et al., 1996) .
Preliminary evidence from our laboratory indicates that an internal deletion of sequences including these RY-like elements (from ϩ24 to ϩ163, in the context of the -1132::GUS gene) reduces expression of the chimeric gene during early embryogenesis but it does not have similar effects on the heat shock response in vegetative tissues (C. Almoguera et al., unpublished results) . The results obtained with the mutant C chimeric gene might also suggest the functional relevance of other cis-elements placed at different locations, and even the participation of distinct trans-acting factors. The mutant C gene had a reduced expression at 16 d.p.a., compared with that of the WT and the other mutant genes (Figure 3 ). This effect does not appear to be related to a reduced HSF binding ability.
The HSE of mutant E behaved in vitro as a knock-out mutant with respect to HSF1 binding (Figures 1 and 2) , and yet the mutant E chimeric gene was as active as the WT gene at 16 d.p.a. (Figure 3) . The reduced activity of the mutant C gene during early embryogenesis could thus indicate that factor(s), depicted by clear ovals in Figure 7 , could interact with cis-elements overlapping with the HSE array I, at (or near) the position where the nucleotide sequence differs between mutants A, E and C. Since these factors would not recognize DNA as HSF1, they most probably represent distinct trans-acting factors.
Later in seed maturation the activity of the analysed mutant chimeric genes was strongly dependent on the predicted ability of the corresponding HSE sequences to bind HSF1 (Dulce Barros et al., 1992; Fernandes et al., 1994b;  Figure 2) . Thus, and in contrast to what was observed earlier in seed maturation (see above), at 28 d.p.a. the GUS activities in seeds of plants containing mutant chimeric genes (A, C or E) showed a significant reduction compared with the WT (Figure 3 , compare WT and mutant E at 16 d.p.a. and at 28 d.p.a., and Figure 7 ). These results demonstrate a distinct control mechanism of chimeric gene expression that would be dependent on Figure 7 . Schematic representation of control mechanisms proposed to mediate the regulation of the Ha hsp17.7 G4 promoter during embryogenesis, and in response to heat shock. Solid arrow: HSEindependent activation pathway(s). Dashed arrow: HSE-dependent activation pathway(s). All other symbols as in Figure 1 . Question marks indicate more speculative aspects of the control mechanisms that are explained in the discussion section: the identity of the unknown factors, the putative location of cis-elements involved in the HSE-independent regulation during early maturation, and the possible involvement of the distal HSE in the heat shock response.
HSE and trans-acting factors similar to HSF1. This control mechanism is required for efficient expression during seed desiccation, but not in earlier stages of embryogenesis. In addition, a significant reduction of GUS activity was observed for the mutant E chimeric gene compared with proximal HSE mutants (mutant A and mutant C; Figure 3 , 28 d.p.a.) . This is more evident in the histochemical GUS assays, which showed that in the majority of 28 d.p.a. embryos from mutant E plants, GUS expression was marginal and restricted to the cotyledon tips (compare Figure 4b,d and f) . The mutant E gene differs from mutants A and C in that it contains nucleotide substitutions at crucial positions for HSF1 binding in the distal HSE II region (Figure 1) . This difference could account for the differential expression of these chimeric genes, suggesting that the binding of HSF(s) to the distal HSE also contributes to promoter activation in late seed maturation.
In summary, we established that the HSE in both the proximal and distal arrays are required for expression from the Ha hsp17.7 G4 promoter during embryogenesis, but only at late stages of seed maturation (Figure 7 ). This confirms preliminary indications of the functional role of HSE in developmental regulation from deletion analyses of plant sHS promoters (Coca et al., 1996; Prä ndl and Schö ffl, 1996) . Our results also agree with similar inferences from the finding that synthetic HSE are capable of inducing chimeric gene expression in seeds from minimal heterolog-ous promoters (Prä ndl and Schö ffl, 1996) . None of these previous analysis addressed the issue of temporal regulation, and their conclusions are limited by interpretation problems inherent to deletion analyses or the use of combinations of cis-elements out of context. A functional involvement of HSE restricted to seed desiccation, as demonstrated here, is consistent with the finding of HSF activation by hypertonic shock. In animal cells, immunological evidence has demonstrated that HSF1 is involved in this activation, rather than the developmentally regulated HSF2 (Alfieri et al., 1996) . In plants, unpublished evidence discussed by Prä ndl and Schö ffl (1996) suggests a similar activation of plant HSF during desiccation in zygotic embryogenesis. However, we and others (F. Schö ffl, personal communication) have failed to detect directly, by in vitro binding assays, active HSF in either total, or nuclear, extracts from plant embryos. These assays appear to have technical problems peculiar to the composition of plant extracts. The different mechanisms proposed for developmental regulation of the Ha hsp17.7 G4 promoter (Figure 7) are not necessarily independent. That hypothesis would be consistent with the observation in Arabidopsis that abi3 mutations reduce the expression of sHSP not only during early phases of maturarion, but also during embryo desiccation (Wehmeyer et al., 1996) . This effect of abi3 could be interpreted as indicative of either a direct or indirect interaction between dual regulation pathways involving ABI3 and HSF. However, in our opinion a general model for the developmental regulation of plant sHSP genes is still premature. Our findings might apply only to the regulation of Ha hsp17.7 G4, and the identity and precise roles of HSF, ABI-3 like proteins, and perhaps other elements should be better defined in each system before trying to produce that model.
Uncoupling of the heat shock response and developmental regulation of Ha hsp17.7 G4
TATA-proximal HSE are usually more important in heatinduced activation of plant sHS promoters than more distal elements (Gurley and Key, 1991) . In the case of Ha hsp17.7 G4, we demonstrated that the same initiation site (present in all chimeric genes) is used for developmental regulation and the HS response in sunflower (Coca et al., 1996) . The functional prevalence of proximal HSE in the heat shock response of this gene is supported by results of deletion analysis, as a -83::GUS chimeric gene fully responded to heat shock (Coca et al., 1996) in agreement with the present site-directed mutagenesis analysis (mutant A in Figures 5 and 6; summary in Figure 7) . In contrast to heat-induced activation, mutations in HSE showed varied effects on developmentally regulated expression. Transcription during late maturation was severely affected, whereas, activity during early maturation was not changed. In addition, the involvement of both proximal (region I) and distal (region II) HSE is evident by the reduction in activity seen with mutants A and C (region I HSE) compared to WT, and the further reduction in activity observed with mutant E that altered HSE in both regions I and II (Figure 3) .
Although the -83::GUS deletion showed no impairment in heat activation in the previous study (Coca et al., 1996) , we may not necessarily conclude that the distal HSE region does not participate in the heat shock response of the Ha hsp17.7 G4 promoter (Figure 7 ). This region might still be required for co-operative binding of HSF, in the -1132 context of the promoter, in situations where the concentration of HSF could be more limiting (i.e. during late embryogenesis or under milder heat-stress conditions). Under usual heat shock conditions in experiments performed with whole plants, our results could support the notion that the proximal HSE are more crucial for the heat shock response than for developmental regulation of Ha hsp17.7 G4. Besides the discussed theoretical implications, our results could have a practical application, i.e. the potential uses of mutagenized plant sHS promoters that would not respond to heat shock and have normal expression during seed maturation, including tissue specificity. A systematic identification and analyses in depth of other plant sHS promoters expressed in seeds is required before we could attempt to generalize our findings in a model that would explain and exploit their differential regulation.
Experimental procedures
Site-directed mutagenesis of the Ha hsp17.7 G4 promoter
We performed sequential nucleotide substitutions in the heat shock element region of the Ha hsp17.7 G4 promoter. These substitutions were introduced by PCR amplification of plasmid DNA, using pfu DNA polymerase (Stratagene, CA) and different oligonucleotides containing the desired substitutions. We used two-step PCR (Chen and Przybyla, 1994) , in which 'megaprimers' containing the mutations are obtained after a first round of amplification, and gel-purified for utilization in subsequent reactions which amplify DNA fragments that are flanked by restriction sites in the plasmid polylinker. The two subsequent PCR amplification reactions were performed with a Pharmacia-LKB gene ATAQ controller that was programmed in each case for 25 cycles of amplification (94°C, 1 min; 45°C, 1 min; 72°C, 2 min), followed by 5 min at 72°C and holding at 4°C. After the second PCR, DNA was digested with HindIII, and fragments of 414 nucleotides containing the different mutations were gel-purified and cloned in pUC19 or pBluescript SKϩ. Constructs were verified by dideoxy DNA sequencing of the different insert fragments to check for the orientation of the insert, the presence of the desired mutations, and for the absence of other unwanted nucleotide substitutions in the PCR-amplified sequences. Details of plasmid templates and oligonucleotides used to obtain each mutant sequence are given below.
As a starting step, we introduced two nucleotide substitutions (mutant A, Figure 1) , one of which eliminated the HindIII site at -83, facilitating the cloning of all derived mutant sequences. The © Blackwell Science Ltd, The Plant Journal, (1998), 13, 437-446 plasmid used as a template for production of mutant A was obtained from the chimeric gene -395::GUS::nos (Coca et al., 1996) and contains the Ha hsp17.7 G4 sequences in this plasmid as well as the GUS sequences up to the SnaBI site. These sequences were cloned in pUC19 (details available upon request). For amplification of megaprimer A (284 bp) we used the oligonucleotides 5Ј-GGTAAAAAAGTTCGATGTTCTGTTAGG-3Ј (mutagenic primer A, nucleotide substitutions indicated in Figure 1 ) and 5Ј-CAGGAAA-CAGCTATGAC-3Ј (M13 reverse primer). The purified megaprimer A and 5Ј-GTAAAACGACGGCCAGT-3Ј (M13-20 primer) were used in the second PCR. The mutant A HindIII fragment, containing the Ha hsp17.7 G4 sequences between -395 (XbaI) and ϩ93 (HindIII) was cloned in pUC19, to yield plasmid pUC mutant A.
Mutants B and D (Figure 1 ) were produced using plasmid pUC mutant A as the starting DNA template. In the case of B, the megaprimer (298 bp) was obtained using the oligonucleotides 5Ј-GTGAGTAATTTATAGGATTGTCTTATAGCTTGAAA-3Ј (mutagenic primer B) and the M13 reverse primer. The megaprimer D (253 bp) was likewise amplified by PCR by using 5Ј-GGATATTTATGAAAG-GTTACAGAGGTTTG-3Ј (mutagenic primer D). The purified megaprimers, B or D, and the M13-20 primer were used to amplify the mutant B and D HindIII fragments, from which plasmids pSK mutant B and pSK mutant D were obtained. Finally, mutants C and E were prepared from pSK mutant B and pSK mutant D, respectively. The megaprimers C (316 bp) and E (310 bp) were produced from each template plasmid DNA by PCR with either 5Ј-GGGAGAGTGAATAATTTATAAGATTGTATTATAGC-3Ј (mutagenic primer C), or with mutagenic primer B (see above) and 5Ј-TCTAGAACTAGTGGATC-3Ј (primer SK). The mutant HindIII fragments (C and E) were obtained by subsequent PCR, using the respective megaprimers and 5Ј-CGAGGTCGACGGTATCG-3Ј (KS primer). These mutant fragments were cloned in pBluescript SKϩ and characterized by DNA sequencing. Thus, we obtained the final plasmids pSK mutant C and pSK mutant E.
Binding assays
Different restriction fragments containing the WT or mutant HSE sequences were end-labelled with Klenow and dATP 33 (Sambrook et al., 1989) and, subsequent to binding of protein extracts, subjected to gel-shift assays in 1.2% (TBE 0.5ϫ) agarose gels. Gels were prepared, loaded, run, dried and autoradiographed as described by Zimarino and Wu (1987) . The restriction fragments were: WT, EcoRI-EcoRV (287 bp); mutants A, B, C, D and E, XhoI-EcoRV (302 bp). The mutant fragments were prepared by restriction digestion of DNA from plasmids (respectively): pUC mutant A, pSK mutant B, pSK mutant C, pSK mutant D and pSK mutant E. These fragments contain promoter sequences between -188 (EcoRV) and ϩ93 (a HindIII site located next to the XhoI site in the polylinkers). The WT fragment was prepared from another plasmid that contains promoter sequences between -188 (EcoRV) and ϩ80 (details on this plasmid available on request; for the other plasmids see above). All fragments thus contained the complete WT, or mutant, proximal and distal HSE regions in Ha hsp17.7 G4. Prior to end-labelling, the fragments were purified from 1.6% gels using the agarose gel DNA extraction kit from Boehringer. Binding reactions were performed for 15 min at 20°C, in 10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 0.05 mM EDTA, 120 mM NaCl and 6% glycerol. Reactions included 1 ng of each labelled fragment, 1.8 µg poly[dI.dC] (Pharmacia) and 2 µg of a protein extract obtained from E. coli BL21 cells expressing human HSF1 from plasmid pHu HSFM1 (Rabindran et al., 1991) . For competition experiments the binding reactions also included 50-fold molar excess of the unlabeled fragments, or of a synthetic, double-stranded, HSE oligonucleotide (Hü bel and Schö ffl, 1994). As a negative control for HSF binding in competition experiments, we used, at the same molar excess, the 445 bp PvuII fragment from pBluescript SKϩ.
Construction of the mutant chimeric genes
Replacement in the chimeric genes of the WT sequences for the mutant HSE was performed by consecutive deletion and insertion cloning steps. DNA of chimeric gene -395::GUS (Coca et al., 1996) was digested with HindIII and treated with calf intestinal alkaline phosphatase (CIAP). HindIII digestion deleted from the chimeric gene the Ha hsp17.7 G4 sequences upstream of ϩ93 (HindIII) and polylinker sequences between the ClaI-SmaI junction and HindIII. The DNA fragment with the rest of the chimeric gene was gelpurified and ligated to the 414 nucleotide HindIII fragments from plasmids pUC mutant A, pSK mutant C or pSK mutant E. The orientation of the inserted fragments was verified by double digestion with XbaI and EcoRI. DNA from plasmids with each insert in the correct orientation was digested with XbaI, treated with CIAP and gel purified. In that way we deleted sequences (from promoter and plasmid polylinkers) upstream of -297 (XbaI site in Ha hsp17.7 G4). Finally, the three mutant -1132::GUS chimeric genes were constructed by ligation, in the appropriate orientation, of the Ha hsp17.7 G4 Xba I fragment (-1132 to -297) at the XbaI site of each deletion-intermediate plasmid (Coca et al., 1996) .
Production of transgenic plants: evaluation of GUS activity and statistical analysis of data
Transgenic tobacco plants were generated and characterized for chimeric gene integration and for GUS expression during embryogenesis or in response to heat stress, as described previously (Coca et al., 1996; Jordano et al., 1989) .
The distributions of values for GUS activity between plants carrying each mutant gene were compared by analysis of variance (ANOVA) using the program SuperANOVA (Abacus Concepts Inc.). We performed a two-way ANOVA to test the effects of mutant type and developmental stage on mean GUS activity levels. The same procedure was used to compare mean GUS activity levels for the heat shock and control treatments for each chimeric gene. We then used linear contrasts to test the significance (P ഛ 0.05) of specific comparisons of mutant types at different developmental stages or treatments (heat shock versus control). We used logarithmic transformation of the data (as in Coca et al., 1996) resulting in normalized distributions for the seed data (Shapiro-Wilk W statistic ϭ 0.9724, P for normality ϭ 0.113) or improved normality (W ϭ 0.9446, P ϭ 0.004) for the heat shock data. In addition, in both datasets, logarithmic transformation resulted in homogeneity and normality of residuals, justifying the use of parametric statistics for both experimental designs (Nap et al., 1993) . Sample sizes are indicated in the legends of the respective figures.
